The aim of this paper was to analyze the high temperature embrittlement of TiNb IF steel using plastometric torsion tests. High temperature embrittlement in the temperature range 600 -1200°C is a problem mainly connected with additions of microalloying elements to steel and also with inhomogeneous and coarse-grained microstructure formed during continuous casting. Reduction of high temperature ductility can lead to cracks in the slab. These surface cracks can easily become oxidised, and then they do not fuse during forming operations. A significant decrease in hot ductility of the analyzed steel occurred in the stable austenite just above the temperature of 1100°C, where the number of rotations to failure (N f ) in the sample was lowest, at 28.4. The cavities ratio was 1.9%, which occurred mainly below the fracture line. At the bottom of the dimple transcrystalline ductile failure (DTDF), complex particles based on Al, Ti, Mn, S, N were observed. In this temperature range the embrittlement is mainly attributed to fine precipitation of sulfides, oxides, particulates based on microalloys as well as segregation of impurities on the austenite grain boundaries.
Introduction
The term hot ductility means the quantity of hot deformation which material is able to withstand without the formation of cracks or fractures [1] . Decrease in hot ductility at high temperatures (700-1100°C) is under investigation, due to the large impact of this for commercial use [2] . Deformation within the critical temperature range may give rise to defects in steel types which are particularly susceptible to defects [3, 4] . Embrittlement at high temperatures is influenced by basic external factors (temperature, strain state of steel and its thermal history before deformation, including the characteristics of steel chemical composition, macro-and microstructure, the presence of harmful impurities and inclusions), and also by the cooling rate [5, 6] . In steels containing dissolved elements C, N, Al and Nb, the formation of fine precipitates (tens of nm) occurs in the secondary cooling zone on the grain boundaries in the casting surface [7 -11] . These precipitates cause embrittlement of the slab surface zone at 700 -900°C, when the slab straightening is usually carried out [12] .
Experimental material and methods
The samples used in the experiment consisted of cut-outs taken from a slab of IF steel alloyed with Ti and Nb cast at casting speed v = 0.8 m/min. The chemical composition is shown in Table 1 . For the study of high-temperature ductility of the analyzed steel, test rods with working parts of 6 mm diameter and 50 mm length were cut from the vicinity of the central cut-out in the slab with small radius "r" in the direction of pulling of the slab. These were classical testing rods with threaded heads for plastometric torsion testing. Heating, cooling and subsequent deformation were carried out in a protective argon atmosphere. Hot ductility was assessed by the number of rotations to failure (Nf). Surface samples analyzed after failure were evaluated macroscopically with a WILD M3Z Leica macroscope. In order to study the microstructure of specimens in the area below the fracture, axial sections were observed with an Olympus Vanox-T light microscope. The second half of the fracture surface was subjected to fractographic analysis on SEM JSM 35 CF to determine the failure micromechanism of samples. The study of precipitates and submicroscopic inclusions on the fracture surfaces obtained by hot torsion testing was performed on transmission electron microscope type JEOL JEM 2000 FX at the Department of Materials Science, Faculty of Metallurgy, Technical University of Košice. Particle identification was done using EDX analysis with a LINK 860 analyzer. Sample preparation for replicas consisted of mechanical grinding and electrolytic polishing. Replicas were separated in 2% Nital electrolytically. Carbon extraction replicas were used as preparations for studying particles below the fracture line.
Results
Results of high-temperature ductility measurement assessed by the number of rotations to fracture in a torsion test with pulling speed v = 0.8 m/min are shown in Table 2 . Fig. 1 shows the temperature dependence of the number of rotations to failure obtained after hot torsion testing for samples pulled at 0.8 m / min. It was confirmed that critical reduction of ductility occurred at 737°C and above 1100°C, which corresponds to embrittlement in the area of stable austenite. The minimum of hot ductility achieved in stable austenite region occurs for the analyzed TiNb IF steel at a temperature of 1143°C, where the number of rotations to failure in the samples is lowest, namely 28.4 rpm, Fig. 1 . In this temperature range the embrittlement is mainly attributed to fine precipitation of sulfides, oxides, particles based on microalloying as well as segregation of impurities on the austenite grain boundaries. Minimum ductility was also observed at 737°C, where the number of rotations to failure was 5.6. This brittleness is caused by the formation of DOI Fig.  2 . Surface condition corresponds to the high value of plasticity, which showed a more pronounced deformation. The fracture line in the axial section is jagged. Microstructure near the fracture line, Fig. 3 is fine-grained ferrite. Angular particles of size about 2 microns were observed inside and on the grain boundaries. The proportion of cavities in this sample was 1.78%. Fracture of the sample was also observed using REM. Fig. 4 shows a view of damage to the sample that occurred by transcrystalline ductile failure with dimple morphology. Particles observed in the individual dimples, Fig. 5 were detected by EDX analysis as complex particles based on Mn, S, Ti and C, Fig. 6 . Another sample analyzed in the temperature range of stable austenite was No. F24, which failed with a lower number of rotations, i.e. 28.4, and with deformation temperature of 1143°C. The surface condition of the sample corresponds to the value of plasticity (28.4 rpm) manifested through strong deformation with resulting cracks at distances of approximately 0.5 and 9 mm from the fracture, Fig. 7 . Microstructure of the sample is fine -grained ferritic with the Fig.11 EDX spectrum from particle in Fig.10 occurrence of cavities. Coalescence of voids arranged in a line is documented in Fig. 8 . The proportion of cavities is 1.9%, occurring mainly below the fracture line. The appearance of the fracture surface is shown in Fig. 9 . This is a case of the presence of transgranular ductile failure with dimples in the direction of deformation. Complex particles were observed in the dimples, Fig. 10 , based on Al, Ti, Mn, S, N, Fig. 11 , and other particles on the basis of Al, Ti, Nb, Mn, Fe, S, and N. The surface appearance of sample No. F20 with maximum plasticity (Nf=64.2) deformed at 808°C is shown in Fig. 12 . High deformation capability is reflected on the sample surface. Finegrained microstructure is ferritic again (Fig. 13) with grains oriented in the direction of deformation. In the microstructure below the fracture line, particles occurred with sizes of 1-3 microns. Figure 14 shows the fracture, which is transgranular ductile failure (TDF) with dimple morphology. The appearance of the sample surface after the test is shown in Fig. 15 . Cracks on the surface of the sample occurred within about 2.5 mm distance from the fracture. Below the fracture line there was fine-grained ferrite microstructure with the presence of cavities, Fig. 16 , whose proportion was 0.64%. Appearance of the fracture surface is shown in Fig. 17 . Intergranular ductile failure cannot be excluded, but due to the influence of oxides on the fracture, that could not be evaluated. A carbon extraction replica were made on this sample within 5 mm of the fracture line to evaluate the precipitates. The observations showed the presence of globular and angular particles. Average size of globular particles was 21.8 nm, and 80 nm for angular particles. EDX analysis of the angular particles identified them as based on Ti and Nb. 
Discussion
High temperature embrittlement in TiNb IF steel was evaluated on samples from slabs with the pulling speed v = 0.8 /min using a plastometric hot torsion test. High temperature embrittlement in the temperature range 600 -1200°C [13, 14] is mainly connected with the problem of microalloying element additions into the steel and also with inhomogeneous and coarse-grained structure formed during continuous casting. Reduction of hot ductility can lead to cracks in the slab [15] . These surface cracks can easily oxidise, and then they do not mend during forming operations. In this respect, it is important to examine and quantify the high-temperature properties of steels, after which it is possible to better clarify the conditions and causes of these defects.
Minimum plasticity for the pulling rate v = 0.8 m / min was achieved in the stable austenite area at 1143°C, where the number of rotations to failure of samples was lowest, namely 28.4 rpm. The second minimum of plasticity occurred at 737°C, where the number of rotations to sample failure was 5.6 ( Fig. 1) . On the fracture surface of the ampleat a temperature of 1143°C, TDF with dimples occurred (Fig. 9) in the direction of deformation, at the bottom of which were observed complex particles on the basis of Al, Ti, Nb, Mn, S, N were observed. The embrittlement is probably related to these precipitated particles, which are sometimes microvoids, and their subsequent coalescence causes failure, because the coalescence of voids was observed in the microstructure (Fig. 8) . Sample No. F23 with the lowest number of rotations (5.6) deformed at 737°C, and had cracks on the sample surface at a distance of about 2.5 mm from the fracture (Fig. 15) . Based on SEM observations of the fracture surface, intergranular ductile failure cannot be ruled out, but due to the effect of oxides on the fracture, that could not be evaluated. Observation of carbon extraction replicas led to detection of globular and angular particles. The average globular particle size was 21.8 nm, and they were based on Ti and Nb. Angular particles had size 80 nm, and were formed on the basis of Ti and Nb. These finer particles can be considered as the source of hot ductility reduction.
Conclusion
Results of hot torsion testing of samples from IF TiNb steel with v = 0.8 m/min indicate low ductility in the stable austenite area, namely first at a temperature of 1143°C, where failure occurred at Nf =28.4 rotations, and then at 737°C (Nf=5.6 rotations). Below the fracture line in the samples, fine-grained microstructure consists of ferrite with the occurrence of cavities. The higher the proportion of imperfections was in a sample, the lower the value of ductility was, expressed by the number of rotations to failure, apart from sample No. F20, which had a ratio of cavities of 0.64% and reached 5.6 rotations. Formation of cavities probably occurs at high temperatures and less strain through a diffusion mechanism of plastic deformation, compared to lower temperatures at which the dislocation nucleation mechanism of cavities may dominate, due to the larger amount of precipitated particles. Failure of the analyzed samples occurred through TDF with dimple morphology, while in sample No. F23 with the lowest number of rotations, intergranular ductile failure could not be ruled, although due to the effect of oxides on the fracture, that could not be evaluated. On the fracture surfaces of the samples with low ductility (1143°C), particles based on Al, Mn, S, Ti, Nb, N were observed, and observation of carbon extraction replicas from sample with deformation temperature of 737°C confirmed the presence of particles on the basis of Ti and Nb.
